The crystal structure of the 92-nucleotide L1-specific fragment of 23S rRNA from Haloarcula marismortui (Hma) has been determined at 3.3 Å resolution. Similar to the corresponding bacterial rRNA fragments, this structure contains joined helix 76-77 topped by an approximately globular structure formed by the residual part of the L1 stalk rRNA. The position of HmaL1 relative to the rRNA was found by its docking to the rRNA fragment using the L1-rRNA complex from Thermus thermophilus as a guide model. In spite of the anomalous negative charge of the halophilic archaeal protein, the conformation of the HmaL1-rRNA interface appeared to be very close to that observed in all known L1-rRNA complexes. The designed structure of the L1 stalk was incorporated into the H. marismortui 50S ribosomal subunit. Comparison of relative positions of L1 stalks in 50S subunits from H. marismortui and T. thermophilus made it possible to reveal the site of inflection of rRNA during the ribosome function.
Introduction
Haloarcula marismortui (Hma) is an extreme halophilic archaeon which is able to grow at salt concentrations close to saturation. The ribosome of this archaeon functions at 3.5-4.0 M salinity at up to 60 C. Such conditions usually cause the dissociation of nucleoprotein assemblies and denaturation of isolated proteins. However, the ribosomal particles obtained from this organism retain their integrity and activity for long periods [1] . Moreover, the structure of the 50S ribosomal subunit from H. marismortui is the only crystal structure of an archaeal ribosomal particle that has been determined to date [2] . Unfortunately, the first model of the Hma 50S subunit and the last revised one [3] contain some gaps. In particular, the functionally important mobile L1 protuberance (stalk) is not completely visualized.
The L1 stalk includes protein L1 and helices 76, 77, 78 of 23S rRNA. It is a strongly conserved component of ribosomes in all domains of life. This stalk is involved in the exit of deacylated tRNA from the ribosome and is found in different relative positions in the structures of T. thermophilus 70S ribosome-tRNA complexes [4, 5] , the isolated D. radiodurans 50S subunit [6] and the eukaryotic ribosome [7] . The HmaL1 stalk was modeled and incorporated by docking into a low-resolution 9 Å map of the Hma 50S ribosomal subunit [8] , but a clear electron density at the expected site of the L1 protein was absent. The trials to find an interpretable electron density for this ribosomal region in the 2.4 Å electron-density map at the revisiting H. marismortui large ribosomal subunit [3] led only to the visualization of nucleotides 2137-2149 and 2226-2237 of helix 76 of the 23S rRNA.
Similar to other H. marismortui proteins [9] the HmaL1 surface has a high number of acidic residues (24.5%) compared with basic ones (10.8%) ( Figure S1a) , and all experimental data on HmaL1 were obtained at high salt concentration specific for the proteins of the ribosome from H. marismortui. Despite the large negative charge, HmaL1 can specifically bind the 23S rRNA fragment from Escherichia coli [1] . This suggests that the structure of the RNA-binding site of HmaL1 is similar to that in other L1 proteins. All our attempts to obtain crystals of HmaL1 or its complexes with specific rRNA fragments failed, possibly owing to the anomalous negative charge of this protein. Therefore, having started from the known structures of L1 proteins from other organisms we built a model of HmaL1 and refined it by molecular dynamics methods (in press). This model was very close to the crystal structure of the L1 protein from Methanocaldococcus jannashchii (MjaL1) charged positively [10] . However, the crystal structures and mutual arrangement of HmaL1 and RNA moieties within the HmaL1 stalk remain unknown. The main aim of our work was to determine the structure of this important ribosomal domain to supplement the model of the Hma 50S ribosomal subunit.
Here, we report the 3.3 Å resolution structure of the rRNA moiety of the L1 stalk of the 50S ribosomal subunit from H. marismortui. Similar to 23S rRNA fragments from other organisms, this structure contains long helix 76-77 topped by an approximately globular structure formed by the residual part of the L1-specific 23S rRNA. The region of the surface responsible for the HmaL1 binding is very close to that in the E.coli and T. thermophilus ribosomes. Based on this finding, the structure of the whole stalk was obtained by docking HmaL1 to the fragment of 23S rRNA using the TthL1-rRNA complex as a guide model. The designed structure was incorporated into the H. marismortui 50S subunit. Determining the crystal structure of the L1-specific Hma rRNA fragment and designing the HmaL1 stalk model significantly supplemented the known structure of the 50S ribosomal subunit from H. marismortui. In addition, comparison of relative positions of L1 stalks in the 50S subunits from H. marismortui and T. thermophilus made it possible to reveal the rRNA inflection site, which permits the L1-stalk to move during ribosome function.
Results and Discussion

Structure of the L1-Specific rRNA Fragment from H. marismortui
It is generally accepted that the rRNA moiety of the H. marismortui L1 stalk consists of three helices (H76, H77, H78) and three loops (A, B, C) ( Figure 1a) . Nevertheless, the crystal structures of the isolated L1 stalk [11] and 70S ribosomes [5, 12, 13] from T. thermophilus show that helices 76 and 77 form one helical structure, while the helix 78 consists of two parts (H78a and H78b) that are approximately perpendicular to each other. The 92 nucleotide fragment of 23S rRNA from H. marismortui used in this work contains a part of long helix 76-77 topped by an approximately globular structure formed by the residual part of the L1 stalk rRNA (Figure 1b) .
The long axis of inertia of this globular moiety is tilted approximately 25 degrees with respect to the H76-H77 axis and there is a wide hole with minimal diameter more than 7 Å in its center. The internal surface of the hole is generally formed by phosphate groups and is charged negatively. At concentration of NaCl close to saturation (typical conditions for the Dead Sea) this hole could be filled by sodium ions. Loops A and B together with the closing loop of H78b form a helix-like structure, which is stabilized by five triplets: U2152•A2191•G2188, A2155•A2160•G2213, G2156•A2216•U2212, A2158-U2217•G2211 and U2159•G2192-C2187. Figure 2 shows the electron density in the region of one of these triplets and in the region of loop C. Loop C ensures a sharp bend between H78a and H78b and forms a deep negatively charged cavity stabilized by two triplets: C2177-G2202•A2178 and G2179-C2201•C2198.
The asymmetric unit contains two RNA molecules related by the two-fold non-crystallographic axis parallel to joint helix 76-77. Both molecules have similar conformations with an r.m.s. deviation of 0.964 Å for all P atoms. The bases of U2205, G2204, A2171 and C2172 of symmetry-related molecules form an integrated stacking line stabilizing the crystal. The L1-specific fragment of 23S rRNA from H. marismortui is structurally close to the corresponding region of 23S rRNA from T. thermophilus. The best matching is found for the top globular structures with an rmsd of 1.16 Å for 39 P atoms (Figure 3) . The main differences are found in the loop C connecting helices 78a and 78b. The narrow deep groove formed by C2198-A2203 and A2174-A2176 in H. marismortui 23S rRNA is absent in T. thermophilus 23S rRNA. Figure 3 . Superposition of the L1 stalk RNAs from H. marismortui (gold, loop C-green) and T. thermophilus (blue, loop C-cyan). Stereo view was constructed using least-squares minimization of differences in the P atom coordinates of the globular part of RNA.
The Designed Model of the HmaL1 Stalk
The RNA part of the HmaL1-rRNA interface is very close to that in the TthL1-rRNA one (rmsd = 0.801 Å for 18 P atoms). This also assumes a close similarity of the protein parts. On this basis, the structure for the L1 stalk was constructed by docking the designed HmaL1 model simulated by molecular dynamics methods at 200 ns trajectory (in press) to the determined fragment of 23S rRNA. The structure of the T. thermophilus L1-rRNA complex was used as a guide model. Initially the RNA part of the TthL1-rRNA interface was superimposed onto the corresponding region of the HmaRNA and then the HmaL1 -sheet of domain I was superimposed onto that of TthL1 (rmsd = 0.552 Å for 25 C atoms). The complex was refined with PHENIX using the simple dynamics procedure [14] . The designed structure of the H. marismortui L1 stalk is shown in Figure 4 . Similar to other L1-rRNA complexes [11, 15] the protein L1 of the H. marismortui L1 stalk acts as tongs that enclose helix 77 of 23S rRNA (Figure 4) . The tongs consist of a central part formed by -sheet of domain I and two movable arms formed by loops 7-8 and 9-10. Loop 1-1 protects arm 9-10 from the solvent. Five amino acid residues (Arg153, Arg157, Arg158, His161 and Arg165) located on the outer surface of the HmaL1 -sheet of domain I ( Figure S1b ) form a positively charged cluster unique among L1 proteins. All residues of this cluster are involved in hydrogen bonds and salt bridges with the 23S rRNA fragment. Possibly this unique cluster induces an additional stability of the HmaL1-rRNA complex in high salt conditions. The surface formed by loop 1-2 of HmaL1 and helix-like structure of 23S rRNA can serve as a site for tRNA. Domain II is located close to loop B of the 23S rRNA but there is no contact between them. The role of this domain bearing very high negative charge is still unknown in terms of the function of the H. marismortui ribosome.
Incorporation of the L1-Specific 23S rRNA Fragment into 50S Subunit of the H. marismortui Ribosome
Since the recent spatial model of the isolated H. marismortui 50S subunit contains part of helix 76 [3] , we are able to incorporate the structure of L1-specific 23S rRNA fragment into this subunit. The regions 2140-2148 and 2228-2234 presented in both the determined RNA fragment and the 50S subunit were superimposed with an rmsd of 2.171 Å (Figure 5a ). The L1 stalk has no direct interactions with the body of the 50S subunit although protein L1 is in close proximity to its helices 22 and 68. In HmaL1, helices 1 and 8, loops 1-2 and 8-9 directed to the 50S subunit body are able to come into contact with it during movements of the L1 stalk. Superposition of the T. thermophilus rRNA fragment onto the part of H. marismortui helix 76 tightly associated with the 50S subunit makes it possible to reveal the site of inflection of rRNA during function of the ribosome (Figure 4b ). This bend is provided by the wobble pairs U2140•G2235 and G2141•U2234 in the H. marismortui helix 76 and the corresponding wobble pairs in the T. thermophilus one. Notice that these base pairs were also found in the E.coli ribosome [16] . Rotation around the axis, which approximately passes through the phosphorus atoms of nucleotides U2140 and G2235, induces displacement of the most remote points of the RNA globular parts up to 20 Å. Incorporation of both HmaL1 and TthL1 stalks into the 50S ribosomal subunit of H. marismortui shows that the top of the L1 stalk moves between proteins L7AE and L5.
Materials and Methods
RNA Fragment Preparation
The 23S rRNA fragment was obtained by transcription from a synthetic DNA template, using T7 RNA polymerase. The fragment included 92 nucleotides of 23S rRNA H. marismortui and additional two G-C pairs to form the restriction site for SmaI. RNA was purified by electrophoresis on denaturing (7 M urea) 10% (w/v) acrylamide (19:1, acrylamide/bis-acrylamide) gels, using 90 mM Tris-borate (pH 8.2), 1 mM EDTA as a running buffer. RNA was eluted by the 50 mM Tris-HCl buffer (pH 7.5, 25 °C), 1 mM EDTA, purified by an anion-exchange (DEAE-Toyopearl) chromatography, precipitated by ethanol and dissolved in water at concentration 3 mg/mL.
Crystallization
The RNA fragment was heated at 60 C for 10 min and incubated at 22 C for 30 min. Crystallization experiment was performed at room temperature using the hanging-drop vapor-diffusion method on siliconized glass cover slides in Linbro plates. Drops were made by mixing 1. 
Data Collection and Structure Determination
Diffraction data were collected to 3.3 Å resolution on the ID30A-3 beamline of the ESRF (Grenoble, France) equipped with Eiger X 4M fast detector (Dectris, Baden-Daettwil, Switzerland). An oscillation angle of 0.1° (according to the new standard protocol) and a crystal-to-detector distance of 614 mm were used. Data were processed and scaled with the XDS package [17] . The crystals of the HmaRNA belonged to space group P41212 with unit cell parameters a = b = 136.84, c = 70.11 Å and two molecules in the asymmetric unit.
The structure was solved by molecular replacement with Phaser [18] using the structure of 80 nt fragment of 23S rRNA from T. thermophilus (PDB entry 3U4M; [11] ) as a search model. Water molecules and metal ions were removed from the model. The initial model was subjected to crystallographic refinement with REFMAC5 [19] . Manual rebuilding of the model was carried out in Coot [20] . The final model of the HmaRNA, refined to an R factor of 22.6% and Rfree of 29.1% at 3.3 Å resolution, includes 190 nucleotides, 19 water molecules, eight magnesium ions, and calcium ion. Data and refinement statistics are summarized in Table 1 . The coordinates and structure factors have been deposited in the Protein Data Bank (PDB entry 5ML7). Figures were prepared using PyMOL [21] . 
Conclusions
Because of its overall negative charge, R-protein Hma L1 is significantly different from all L1 proteins which structures were determined. Although we could not crystallize this protein and its complex with the rRNA fragment, our results show that conformation of the L1-binding site of the Hma 23S rRNA is similar to that observed in other known structures of prokaryotic ribosomes. Together with the previous data on the HmaL1 structure obtained by modeling and MD simulation, the presented results enable us to build a reliable model of the HmaL1 stalk which confirms the close shape of this ribosomal element in all organisms regardless of the different overall charge of L1 proteins.
Supplementary Materials: The following are available online at www.mdpi.com//2073-4352/7/2/37/s1. Figure S1 . (a) HmaL1 amino acid sequence. Negatively charged amino acids are indicated with a yellow background and positively charged with a green one. -helices are shown as blue cylinders and -strands as red arrows; (b) Stereo view of C trace of HmaL1 model. C atoms of charged amino acids are shown with circles (black for negative charge, grey for positive one). HmaL1 positively charged cluster unique among L1 proteins is indicated by side chains.
